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[57] 



ABSTRACT 



Ai optical transmission line formed by a plurality of trans- 
mission circuits each comprising, connected in the following 
order, an optical fiber, an optical amplifier and an optical 
filter. The dispersion decrease in each optical fiber and the 
amplification of each optical amplifier are set for each 
transmission circuit such as to obtain a predetermined opti- 
cal pulse width, the central frequencies of the optical filters 
arc made to sequentially slide toward lower frequencies 
along the direction of propagation, and the mean zero- 
dispersion wavelengths of the optical fibers are made to 
sequentially increase along the direction of propagation. An 
optical transmission system according to the present inven- 
tion is formed from an optical transmission line according to 
the present invention, an optical transmitter and an optical 
receiver. 

13 Claims, 12 Drawing Sheets 
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OPTICAL TRANSMISSION LINE AND A method of using a dispersion decreasing fiber (DDF) 

OPTICAL TRANSMISSION SYSTEM wherein the dispersion value decreases like the attenuation 

BACKGROUND OF THE INVENTION °^ lne °P'' ca ' P ow er for the transmission path has been 

_ . proposed as a solution to the above-mentioned problem of 

1. Jechmcal Held of the Invention s , hc amplificr spacing (sec Rcfcrcncc 3: A . j. Stcn , z ct a l„ 

The present invention relates to optical transmission lines Q , LeU ^ 2 o, pp. 1770-1772, 1995). In a series of DDFS, 

and optical transmission systems for reducing .timing [jitter , he araplifler spacing can be ma ; nlain ed by designing the 

by suppressing optical pulse waveform degradation due to )e h and di ion disIribution of the DDF such thal 

nonlinearity, chspers.on and higher-order dispersion of opti- ^ solj(ons hay . ods of a few icoseconds or , ess 

cal fibers in ultra -high-speed optical transmissions. r , , , ° t ... c 

oil 10 can ^ e mac * e t0 propagate while retaining their waveforms 

Background Art due to a localized balancing of the nonlinearity and disper- 

In ultra-high-speed optical transmissions which require s * on 

short optical pulses of a few picoseconds or less, „ t , , , , r . . 

. . . ,. , r . . , On the other hand, when periorming long-distance trans- 

nonhnearity, dispersion and higher-order dispersion in the . . . . . ' nro a , , , 4 , 

. . n . , • i i c , missions using conventional DDFS as described above, the 

optical fibers causes the optical pulse waveforms to mark- -c . f nnr iL . „ . u 

„ , , t> , / j j ■ i • i • j 15 dispersion value of the DDF near the output end becomes 

edly degrade. Pulse waveform degradation which is due to „ . r , . . , r , - 

. J J* r . • , . i ■ i i- small if the mean dispersion value is reduced to account tor 

the effects of higher-order dispersion and nonlinearity . , c \- ■ u c u- u *u 

, & - \ . . . C J the accumulation or timing utter, as a result of which the 

occurs because a large portion of the optical spectrum shifts . c , j i iU • a ru-u 

. T , • • . • pulse waveform degrades under the influence of higher- 

to lower lrequenc.es when he dispersion in the optical liber ^ & ioa and nonlincarity (sec Rcfcrcncc 4 . K . 

is zero or extremely small. Ih.s type of pulse waveform 20 e( QAA ^ ^ ■ &q (o reslric( (hc 

degradation forces the transmission distance to be restricted. , . . ,. . ' , , . ,. 

A to , t , , transmission distance. As mentioned above, when the dis- 

As a conventional method of compensating tor waveform . , lL . 1£ , . , L ' . „ 

, , . , . j ,• ■ .1. • persion of the optical fiber is either zero or extremely small, 

degradation due to nonlinearity and dispersion, there is a f, , , . r c . . . , t J , 

: . : - , the degradation of the pulse waveform due to higher-order 

method wherein long-distance transmissions arc performed • A r u i r 

, . c ^^ ^ ii j dispersion and nonlinearity occurs because a large portion of 

by using a special type of optical pulse, called an optical t . 4 , . XI 

V. . . f 4 u ■ i u-1 ~ 5 the optical spectrum shifts to lower frequencies. No specific 

sohton, which can propagate through an optical fiber while . t r ... . - - i , »• u u 

. . ' - t , , r Tl j- u u i • . *u solutions to this type of waveform degradation have here- 

maintaining the shape of the waveform by balancing out the t , AJJ ... n . . , 

& . *. J to tofore been proposed. Additionally, while timing litter also 

dispersion and nonlinearity. . J 4l _ r , . \ f? J , 

r . J . . , occurs in methods using DDts as transmission lines due to 

When actually forming an optical sohton transmission m£ Hcation of tical sohton effects? no methods have 

system, amplified spontaneous emission noise (AS E) emit- 3U been conventionally proposed for effectively reducing tim- 
ted from optical amplifiers used to compensate for loss in the ■ • iUer in {h[s case as wdl 
optical fibers causes random changes in the carrier frequen- 
cies of the optical solitons. These changes are referred to as SUMMARY OF THE INVENTION 
the Gordon-Haus effect (see Reference 1: A. Hasegawa et 

al., "Solitons in Optical Communications", Oxford Univ. 35 The object of the present invention is to offer an optical 

Press, 1995), and are known to cause fluctuations in the " transmission line and optical transmission system which 

propagation time of each optical soliton in the optical fiber, suppress optical pulse waveform degradation due to 

thus causing timing jitter. Additionally, the carrier linewidth nonlinearity, dispersion and higher-order dispersion in opti- 

of the optical soliton source also causes timing jitter in a cal fibers which occurs in ultra-high-speed optical transmis- 

similar process (see Reference 2: K. Iwatsuki et al., IEEEJ. 40 sions on the order of tens of Gb/s or more. 

Lightwave TechnoL, 13, pp. 639-649, 1995). In order to resolve the above problems, the present 

Therefore, since the timing jitter in optical soliton trans- invention offers an optical transmission line comprising a 

missions restricts the transmission speed or transmission plurality of transmission circuits each having, connected in 

distance, methods have been proposed for reducing the the following order, an optical fiber with a dispersion value 

timing jitter by using optical filters having central frequen- 45 that decreases in the longitudinal direction, an optical 

cies which are slid in correspondence with the transmission amplifier, and an optical filter; wherein the dispersion 

distance, optical tillers and intensity modulators, and the decrease in each fiber and the amplification of each optical 

like, and optical soliton transmissions at transmission speeds amplifier is set for each of the transmission circuits such as 

of approximately 20 Gb/s have been confirmed by recircu- to result in a predetermined optical pulse width; the central 

lating loop experiments (see Reference 1). However, in the 50 frequencies of the optical fillers are made to sequentially 

above-described conventional methods, the bandwidths of slide toward lower frequencies along the direction of propa- 

thc optical filters must be about 4-5 times those of the signal gation; and the mean zero-dispersion wavelengths of the 

spectra in order to preserve the waveforms, and optical optical fibers are made to sequentially increase in the 

filters with narrower bandwidths cannot be used. direction of propagation. 

Since timing jitter accumulation increases with increases 55 Another aspect of the present invention offers an optical 

in the transmission speed, more effective reduction of timing transmission line comprising a plurality of transmission 

jitter is a significant step in realizing ultra-high-speed optical circuits each having, connected in the following order, an 

soliton transmissions exceeding a few tens of Gb/s. optical fiber with a dispersion value that decreases in the 

Additionally, in optical soliton transmissions, the spacing longitudinal direction, an optical amplificr, an optical frc- 

between the positions of the optical amplifier and the 60 quency shifter, and an optical filter; wherein the dispersion 

above-mentioned optical filter, intensity modulators and the decrease in each fiber and the amplification of each optical 

like must be made sufficiently short with respect to the amplifier is set for each of the transmission circuits such as 

soliton period defined by the optical soliton pulsewidth and to result in a predetermined optical pulse width; and the 

the mean dispersion value of the optical fiber, so that if the optical spectra of the optical signals outputted from each of 

soliton period is shortened for increased transmission speed, 65 the plurality of optical frequency shifters are shifted to 

the amplifier spacing cannot be maintained at a practical higher frequencies than the optical spectra of the optical 

length. signals when inputted. 
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Another aspect of the present invention otters an optical FIGS. 2H-2K are diagrams for explaining optical pulse 

transmission line comprising a plurality of transmission compression conditions. 

circuits each having, connected in the following order, an FIG. 3 is a diagram showing the dispersion values inside 

optical fiber which is a distributed optical amplifier having a DDF in the present invention. - 

a gain in the direction of propagation and an optical filter; 5 p , a 4A ^ an iniUal waveform diagram for exp i aining the 

wherein the central frequencies of the optical filters are effects of the m invention , 

made to sequentiallv slide toward lower frequencies along . c . _ 

, ,. . c ' ■ i tL j- ■ FIG. 4B is a waveform diagram after propagation over 

the direction of propagation; and the mean zero-dispersion . , . Jf ♦ i r • e *u 

i ' c lU • t c. . t 1, 300 km in the case wherein the central frequencies of the 

wavelengths of the optical fibers are made to sequentially . . „. t ... ^ 

- 4 . r „ optical filters are not slid, 

increase in the direction of propagation. 10 r 

A . c tl _ . . . rr t . . FIG. 4C is a waveform diagram after propagation over 

Another aspect of the present invention otters an optical . c . . ■ f . i / • f4l . 

. . . . i r * • ■ 300 km for the case wherein the central frequencies of the 

transmission line comprising a plurality or. transmission . . „. . .... _„ „ TI n . 

. . . r i ■ 4 i_ r II • i optical filters are down-slid by 7.0 GHz every 30 km. 

circuits each having, connected in the tollowing order, an r J J 

optical fiber which is a distributed optical amplifier having FIG - 5A is a dia § ram showin § the relationship between 
a gain in the direction of propagation, an optical frequency 15 transmission distance and S/N ratio for nonlinear transmis- 
shifter, and an optical filter; wherein the amplification of S10ns according to the present invention, 
each optical amplifier is set for each of the transmission FIG. 5B is a diagram showing the relationship between 
circuits such as to result in a predetermined optical puLse transmission distance and timing jitter for nonlinear trans- 
width; the optical spectra of the optical signals outputted missions according to the present invention, 
from each of the plurality of optical frequency shifters are 20 FIG. 6 is a diagram for explaining a second embodiment 
shifted to higher frequencies than the optical spectra of the according to the present invention. 

optical signals when inputted. FIG. 7 is a diagram for explaining a third embodiment 

Another aspect of the present invention offers an optical according to the present invention, 

transmission system comprising an optical transmitter; an FIG. 8 is a diagram for explaining a fourth embodiment 

optical transmission line in accordance with an aspect of the 25 according to the present invention, 
present invention connected to the optical transmitter; and 

an optical receiver connected to the optical transmission PREFERRED EMBODIMENTS OF THE 

line. INVENTION 

In an aspect of the optical transmission line of the present Hereinbelow, embodiments of the present invention will 
invention, adiabatic soliton compression can be performed " be explained in detail with reference to the drawings, 
by gradually reducing the dispersion value in the longitu- FIG. 1 is a diagram showing a multiply amplified optical 
dinal direction usmg optical fibers. In another aspect, adia- transmission system using an optical transmission line 
batic soliton compression can be performed by increasing according to the first embodiment of the present invention, 
the amplification of the optical amplifiers in the direction of ^ ^ multiply amplified optical transmission system corn- 
propagation using optical fibers which are distributed ampli- ^ prises dispersion decreasing fibers (DDFs) 3a-2>d for trans- 
fers having gains m the direction ol propagation. mission used on the optical paths from the optical pulse 
Additionally, in the above two aspects, it is possible to lransm i ller 1 to the optical receiver 2, amplified at prede- 
perform pulse compression by making the input power to the termined amplifier spacings by groups of optical amplifiers 
optical fibers greater than the optical power of the funda- ^ 4f7 _4 c and narrow . b and optical filters 5a-5c. As the optical 
mental sohtons. Additionally, it is also possible to reshape amplifiers Aa^c, it is possible to use optical amplifiers 
waveforms by sliding (up-sliding) the optical frequencies to prov ided with control such that the power of the output from 
higher frequencies using optical filters with fixed central the optical fiUer is made equal t0 the initial inpul power k) 
frequencies and frequency shifters instead of making the tne ^\ c control) 

central frequencies of the optical filters slide downward. ^ The amplificd transmission system of 

According to the present invention, waveform degrada- the present embodiment is constructed by concalenously 

tion of optical pulses due to nonhneanty, dispersion and connecting a plurality of optical transmission lines com- 

higher-order dispersion in optical fibers can be suppressed, posed of DDFs 7,a-3d, optical amplifiers 4?-4c and optical 

and timing jitter caused by the use of optical soliton effects filters 5a _ 5c connected in this order. The decrease in the 

can be largely reduced, so as to allow the transmission 5Q c ii spersion va i ue along the longitudinal direction of the 

distance to be increased. DDFs 3«-3rf is adjusted such as to be larger than the 

BRIEF EXPLANATION OF THE DRAWINGS attenuation of the optical power. The central frequencies of 

the optical filters 5a-5c are slid down in correspondence 

FIG. 1 is a diagram for explaining a first embodiment of witn the transmission distance. Additionally, the mean zero- 

the present invention. 5S dispersion wavelength of the concatenously connected 

FIG. 2A is a diagram for explaining the relationship of the DDFs 3a-M are sequentially increased along with the 

dispersion value and loss with respect to transmission dis- transmission distance. By using this type of transmission 

tance in an amplifier spacing according to the embodiment format, waveform degradation of the optical pulses due to 

of FIG. 1. higher order dispersion and nonlinearily can be suppressed, 

FIGS. 2B-2D are diagrams respectively showing the 60 while markedly reducing timing jitter caused by the use of 

time-varying waveform of an optical pulse signal at the the optical soliton effect, thereby making it possible to 

input end of the DDF, the output end of the optical amplifier increase the transmission distance. 

and the output end of the optical filter. In the optical transmission line of the present 

FIGS. 2E-2G are diagrams respectively showing the embodiment, the DDFs 3a-3d are adjusted so that the 

optical spectrum of an optical pulse signal al the inpul end 65 dispersion value decreases are greater than the attenuation of 

of the DDF, the output end of the optical amplifier and the the optical power. Thus, the optical pulses are compressed in 

output end of the optical filter. a single DDF by means of adiabatic soliton compression 
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(see Reference 5: P. V. Manyshev et al., IEEE J. Quantum 
Electron., vol. 27, no. 10, p. 2347, 1991), the spectral widths 
are broadened, then the optical spectra are bandwidth- 
limited using narrow-band optical filters 5a-5c which have 
been slid (down-slid) to lower frequencies than the central 5 
frequencies of the incident optical pulses, in order to reshape 
the waveforms. As a result, optical pulse degradation caused 
by nonlinearity and higher-order dispersion in optical fibers 
can be suppressed. Additionally, by bandwidth-limiting the 
spectra of the optical pulses using the narrow-band optical 3 q 
filters 5a-5c, it is possible to largely reduce timing jitter 
cause by the use of the optical soliton effect. 

FIG. 2A is a diagram showing the changes in the disper- 
sion value (solid line) and the optical power decrease, i.e. 
loss (dashed line) in an optical transmission line including 15 
transmission distance A (the position of the optical amplifier 
4a) and transmission distance B (the position of the optical 
amplifier 4b) in the transmission system shown in FIG. 1. 
The optical pulse signals amplified by the amplifier 4a at 
transmission distance A are bandwidth-limited by means of 20 
the optical filter Sa having a predetermined central fre- 
quency f 0 and are reshaped into the pulse waveforms which 
vary over time as shown in FIG. 2B, then they are output ted 
to DDF 2>b. At this time, the optical spectrum of the optical 
signal is centered about the frequency f 0 as shown in FIG. 25 
2E. The optical pulses which pass through the DDF 2>b 
adjusted such that dispersion value decreases in a single 
DDF are greater than the optical power attenuation have 
their optical pulsewidths compressed due to adiabatic soliton 
compression, and their spectral widths are broadened, so that 30 
they have time-varying waveforms and optical spectra as 
shown in FIGS. 2C and 2F at the output end of the optical 
amplifier 4b. As shown in FIG. 2F, the optical spectra are 
divided due to nonlinearity and higher-order dispersion in 
the optical fiber and shifted to lower frequencies. The optical 35 
pulse signals outputted from the optical amplifier 4b have 
central frequencies which are slid (down-slid) to lower 
frequencies than the central frequencies ^ of the incident 
optical pulses, and their optical spectra are bandwidth- 
limited by means of the narrow-band optical filter 5b which 40 
has a bandwidth 1-2 times the bandwidths of the incident 
optical pulses (FIG. 2F), so as to reshape the waveform. As 
a result, only the main portions of the optical spectra which 
have been divided and shifted to lower frequencies due to 
nonlinearity and higher-order dispersion in the optical fiber 45 
are passed, and the dispersive waves shifted to higher 
frequencies are removed so as to suppress optical pulse 
waveform degradation. The waveforms immediately after 
passing through the narrow-band optical filter 5b have time 
variances and optical spectra as shown in FIGS. 2D and 2G. 50 

In the above-described conventional technique which 
uses optical filters with central frequencies which slide with 
the transmission distance, the direction of sliding of the 
frequency is arbitrary because the purpose is to eliminate 
noise components such as ASE. In contrast, the direction of 55 
sliding of the frequency is not arbitrary in the present 
invention because the purpose is to reshape waveforms 
which have degraded due to nonlinearity and higher-order 
dispersion. In the present invention, the optical pulses arc 
passed through the narrow-band filter after significantly 60 
increasing the optical spectrum width by means of adiabatic 
soliton compression, so that the signal bandwidth will not be 
reduced by the optical filters, thereby allowing the optical 
filters to have bandwidths about as narrow as the optical 
signal spectra. By using this type of narrow-band optical 65 
filter, it is possible to largely reduce the timing jitter in 
comparison to conventional methods in which the optical 



filters can only be as narrow as approximately 4-5 times the 
optical signal spectra. 

Here, adiabatic soliton compression will be explained, 
adiabatic soliton compression is performed by decreasing 
the dispersion value D along the direction of propagalion 
using a DDF while maintaining optical soliton conditions 
(pulse energy (e)xpulse width (Ax) dispersion (D)) and the 
condition |az 0 |«l (wherein a is the gain coefficient and Zq 
is the soliton period). Since the optical soliton conditions are 
met when Ax D/e, the pulsewidth Ax can be compressed by 
means of adiabatic soliton compression if the decrease in 
dispersion D is large in comparison to the attenuation of the 
pulse energy e. 

In the above explanation, it was mentioned that adiabatic 
soliton compression is performed by gradually decreasing 
the dispersion D in the longitudinal direction using a DDF. 
However, as is clear from the soliton conditions, adiabatic 
soliton compression can also be performed by gradually 
increasing the degree of optical amplification in the longi- 
tudinal direction using a distributed optical amplifying fiber 
instead of the DDF as the optical fiber as will be explained 
in detail below. 

Additionally, aside from adiabatic soliton compression, 
pulse compression can be performed by making the optical 
power greater than the soliton power P 0 . 

Hence, optical pulse compression can be performed by 
forming the transmission line such as to satisfy one of the 
following conditions: 

(1) The dispersion decrease is greater than the optical fiber 
loss (optical power amplification) (adiabatic soliton 
compression). 

(2) 'ITie input optical power to the fiber is greater than the 
soliton power (soliton compression). 

(3) The degree of amplification inside each DDF increases 
along the direction of propagation (adiabatic soliton 
compression). 

FIGS. 2H-2K are diagrams showing these conditions. 
FIG. 2H shows the case wherein the dispersion decrease is 
made greater than the power decrease using a DDF. FIG. 21 
shows the case wherein the amplification in the longitudinal 
direction is increased using a distributed amplifier. In these 
cases, optical pulse compression is performed by means of 
adiabatic soliton compression while holding the input power 
to the fiber at less than or equal to the soliton power P 0 . In 
the diagram, the properties indicated by the dashed lines are 
those for the case wherein the optical pulse width is held 
constant. On the other hand, FIGS. 2J and 2K show cases 
wherein optical pulse compression is performed by making 
the input power to the fiber greater than the soliton power P 0 , 
of which FIG. 2J is an example using a DDF, and FIG. 2K 
is an example using a distributed amplifier. 

While the central frequencies of the narrow-band optical 
filters 5a-5c are down-slid in the embodiment shown in FIG. 
1, as will be explained in the following embodiments, 
waveform reshaping is also possible by sliding the optical 
frequency to higher frequencies (up-sliding) using optical 
filters with fixed central frequencies and frequency shifters, 
instead of down-sliding the central frequencies of the 
narrow-band optical filters 5a-5c. 

The conventional technique using DDFs as mentioned 
above is characterized in that the optical pulse waveform is 
preserved due to the dispersion value of the DDF decreasing 
with optical power attenuation, which is substantially dif- 
ferent from the transmission method of the present invention 
wherein waveform reshaping of the optical pulses is per- 
formed. 
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Here, the specific conditions for pulse width compression 
in the embodiment of FIG. 1 will be explained. When 
performing pulse compression, the dispersion decrease of 
each DDF and the amplification of each optical amplifier 
should be set so as to satisfy at least one of the following 
conditions (I) and (II) so as to decrease the pulse width of the 
optical signal oulpulled from each DDF to less than the pulse 
width at the input, and to increase the spectral width of the 
optical signal outputted from the DDF to be greater than the 
spectral width at the input. 

(I) The dispersion decrease in the optical fiber is made 
greater than the power attenuation of the optical signal 
propagating through the optical fiber (adiabatic soli ton 
compression). 

(II) The peak power P 0 of the optical signal inputted to the 
optical fiber should be greater than the peak optical power 15 
(the optical power required to form a fundamental soliton: 
the soliton power) defined as follows: 

P ir 0.776(A 3 A c y* 2 c» :; )D/ l T 2 

wherein >. is the optical signal wavelength, A eff is the 20 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, n 2 is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and x is the pulse width of the optical signal. 

When only the condition (I) is to be fulfilled, the power 25 
of the optical signal inputted to the optical fiber should be 
made equal to the peak optical power expressed by the peak 
power P 0 of the above formula. On the other hand, when 
only the condition (II) is to be fulfilled, the dispersion 
decrease in the optical fiber should be made equal to the 30 
power attenuation of the optical signals propagating through 
the optical fiber. 

As methods for forming the DDFs, it is possible to form 
each DDF by using optical fibers made such that the 
dispersion value gradually decreases, or by connecting 35 
together a plurality of optical fibers having different disper- 
sion values such that the dispersion value gradually 
decreases in the direction of propagation. 

The amplifications of the optical amplifiers 4a-4c change 
according to the order of the optical solitons. For example, 40 
when transmitting a fundamental soliton wherein N-l, it is 
possible to obtain a value of 1-2.25 in terms of power ratio, 
and an amplification factor of about two is desirable. 

Hercinbclow, the waveform reshaping effect of the 
present invention will be explained. 45 

First, numerical values calculated for the properties in the 
propagation of a single optical pulse having a pulse width of 
3.0 ps will be given. The parameters are such that the fiber 
loss is 0.22 dB/km and the higher-order dispersion is 0.07 
ps/nm 2 /km. The dispersion value of each 30 km DDF 50 
changes in steps as shown in FIG. 3, and the bandwidths of 
the optical filters is 1.5 nm. The input optical power is 
adjusted such as to be equal to the optical power of the 
N=1.4 soliton with respect to the above-mentioned pulse 
width and the initial dispersion value of the DDF. FIG. 4B 55 
shows a waveform after propagating 300 km in the case 
wherein the central frequencies of the optical filters are not 
slid. FIG. 4C shows a waveform after propagating 300 km 
in the case wherein the central frequencies of the optical 
filters are down-slid by 10.0 GHz every 30 km. The mean 60 
zero-dispersion wavelengths of . each DDF are made to 
increase with the transmission distance so that the dispersion 
value at the central frequency of each optical pulse propa- 
gating along each DDF will not change. It can be seen that 
the degradation of the pulse waveform is effectively sup- 65 
pressed by down-sliding the central frequencies of the 
optical filters. 



Next, the results will be explained for the case wherein a 
pulse sequence having a random pattern superimposed with 
ASE noise is transmitted at a speed of 80 Gb/s. The 
population inversion factor of the optical amplifier is 1.8, 
and the optical amplifier is controlled (ALC) such that the 
output from the optical filter is made equal to the initial input 
power to the fiber. The pulse width is 4.0 ps, an optical fiber 
having a pulse width of 1.7 nm is used, and the central 
frequencies are down-slid by 7.0 GHz every 30 km. FIGS. 
5 A and 5B show the relationships of the S/N ratio and timing 
jitter with respect to transmission distance. Since the optical 
pulse is compressed to 2.2 ps at the output end of the DDF, 
the bandwidth of the optical filler is 1.5 times the spectral 
width of the optical pulse. When considering that the rela- 
tionship between the bandwidth of an optical filter for 
reducing timing jitter and the spectral width must be 
restricted to about 4-5 times in order to preserve the stability 
of the optical soliton (sec Reference .1), the function of the 
optical filter in the present invention is substantially different 
from the function of optical filters used to reduce timing 
jitter. The values for the S/N ratio and timing jitter which 
result in a bit error rate of 10" 9 are respectively 21.5 dB and 
0.68 ps, and as can be seen from FIGS. 5A and 5B, the 
transmission distance which results in a bit error rate of 10" 9 
is 2760 km. 

FIG. 6 is a diagram for explaining a second embodiment 
of the present invention, wherein each transmission circuit is 
formed by connecting, in the following order, a DDF 3, an 
optical amplifier 4, an optical frequency shifter 6 composed 
of acousto-optic modulators and the like, and an optical filter 
5, and" a multiply amplified transmission system is formed by 
connecting these transmission circuits in multiple stages. 
While the central frequencies of the optical filters 5o~5c are 
down-slid along with the transmission distance in the 
example of FIG. 1, the present embodiment is different in 
that the frequencies are up-slid by using optical filters 5 with 
fixed central frequencies and optical frequency shifters 6 
composed of acousto-optic modulators for shifting the fre- 
quencies to higher frequencies. However, the embodiments 
are similar in that waveform degradation of the optical 
pulses due to higher-order dispersion and nonlinearity is 
suppressed, and timing jitter due to the optical soliton effect 
is largely reduced, so as to allow the transmission distance 
to be increased. 

In the present embodiment, the frequencies arc slid by 
using optical filters 5 with fixed central frequencies and 
optical frequency shifters 6, because the central frequencies 
of the transmitted optical pulses are fixed by the optical 
filters 5 and are constant with respect to transmission 
distance. Therefore, the dispersion values along the trans- 
mission line for the central frequencies of the optical pulses 
propagating through each DDF 3 do not increase, so there is 
no need to increase the mean zero-dispersion wavelength of 
the optical libers along with the transmission distance, as is 
necessary in the embodiment of FIG. 1. 

In the present embodiment, acousto-optic modulators are 
used as the optical frequency shifters 6, but it is also possible 
to form the optical frequency shifters using phase modula- 
tors driven by sawtooth voltages so as to apply frequency 
shifts which are integer multiples of 2jt (see Reference 6: K. 
K. Wong et al., "Performance of a Serrodyne Optical 
Frequency Translator", Topical Meeting on Integrated and 
Guided- Wave Optics, WA5, Pacific-Globe, California, Janu- 
ary 1982), of SSB (single sideband) optical frequency 
modulators (see Reference 7: B. Desormiere et al^lEEEJ. 
Lightwave Tec/mot., 8, pp. 506-513 1990) instead of 
acousto-optic modulators. 
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FIG. 7 is a diagram for explaining a third embodiment of pressed and timing jitter due to the optical soliton effect is 

the present invention, wherein transmission circuits formed largely reduced, so as to allow the transmission distance to 

by connecting, in the following order, distributed optical be increased. 

amplifying fibers la-Id and optical filters 5a-Sc, in multiple In the present embodiment, the frequency sliding is per- 

stagcs so as to form a multiply amplified transmission 5 formed by mean of optical filters 5 with fixed central 

system. The distributed optical amplifying fiber 7 has gain in frequencies and optical frequency shifters 6, so that the 

the direction of propagation. Therefore, optical amplifiers ^ m t ral frequencies of the transmitted optical pulses are fixed 

are unnecessary. The optical fibers 7a-7c which are con- * th * central frequencies of the optical filters 5. and are 

nected sequentially are adjusted so that the mean zero- * crefo " : c0 " stant Wlth r f s P ect f ! ° ^ transmission distance. 

. ^ , • • « i ■, . . „ Hence, the dispersion values of the transmission path sensed 

dispersion wavelengths increase with the transmission dis- 10 , . . t r , , . , . . , r 

v „. . , r • c.t icil re by the optical pulses do not increase, and there is no need for 

tance. The central frequencies of the optical filters 5a-5c are / • i . L c , L *• i cu 

. , - , • , , . ■ ■ j- . the mean zero-dispersion wavelengths ot the optical fibers 

made to down-slide with the transmission distance. While _ _ , r . , . 4 . . . r . t , t , 

, . . rxT^r^ -5 n/> -iti\ la-la to increase with the transmission distance as with the 

the pulses are compressed using DDKs 3a-3d (see MO. 2H) ... ... , , . ___ _ 

. ' , .. ' r rin * , i iiv « • third embodiment shown in FIG. 7. 

in the embodiment ot FIG. I, the present embodiment is __„ ., ., , ... - . . 

, j . ,• . u While possible embodiments of the present invention 

different in that the pulses are compressed by using chstrib- 15 , , r . . . r i ■ r , . . 

. , . , ,. f f r . _ -5/ ct/- ii\ 5 ~ ~- have been explained with reierence to the drawings, the 

uted optical amplifying fibers la-la (see FIG. 21). However, . t K , . . . r 

. r . M . t e j , c present invention can be realized in various other forms as 

they are similar in that the waveform degradation of the f . , t t t . . t , . .. t 

. , , j.j- • j v • i i long as they do not contradict the gist and main features ot 

optical pulses due to dispersion and nonhncarity is largely . & /. . ™ . . ., , . 

r r , . . . . t tl _ % . the present invention. Thus, the above-described embodi- 

supprcssed and timing utter due to the optical soliton effect \ . . ' ... c . 

. V i i i . ii i • • j*« „„ ments are merely examples for explaining aspects of the 

is largely reduced, so as to allow the transmission distance 20 . . , f « . « . « . . t . 

. . . j * j j "* * ii • ,u i i ■ t e t invention, and should not be interpreted in any restrictive 

to be increased. Additionally, in the embodiment or rIG. 7, ' • j. 

. c „ • , • i ii j ir u manner. The scope of the present invention is as indicated by 

the pulse widths of the optical signals outputted trom each . . . , s . r . , , , . . . ' 

j - -i , . . CL ° - j i ,l (U the claims, and is in no way bound to the descriptions in the 

distributed optical amplifying fiber 7 are made less than the .„ . - , J . r , 

. ... , • . i .i . . I f specification. Furthermore, any modifications or changes 

pulse width at the input, and the spectral widths ot the . • i • , lL , .. 

r . , . . i i, i t1 _ ,. i i ■ , which belong within the scope ot the claims under apphca- 

optical signals outputted trom the distributed optical amph- 25 . c . * t . r „ . r 1 t . ... . rr 

r r _ r . . 4 . . i - ... tion of the Doctrine of Equivalents also he within the scope 

fymg fibers 7 are made larger than the spectral widths at the c . . ^ r 

• i u .i- ii. UiU. *i i-wu of the present invention, 

input, by setting the properties such that at least one ot the w 1 " - 

following conditions (I) and (II) are satisfied. . e A im : . . . .. 

mm. rc • u i-£ • • • a 1. An optical transmission line comprising: 

(I) The amplification in each amplifier spacing is increased f ....... 

in the direction of propagation (adiabatic soliton 30 a plurality of transmission ciremts each having, connected 

• \ in the following order, an optical fiber with a dispersion 

(II) The peak power P 0 of the optical signal inputted to the value that ^creases in the longitudinal direction, an 
optical fiber should be greater than the peak optical power °P tlcal amplifier, and an optical filter; wherein 

(the optical power required to form a fundamental soliton: the dispersion decrease m each fiber and the ampl.fi- 

the soliton power) defined as follows: 35 catl0n of each °P tlcal am P hfler 15 set , fo . r each °\ said 

transmission circuits such as to result in a predeter- 

p 0 -o.776(X } A^ji 2 cM : )D; , r mined optical pulse width; 

wherein X is the optical signal wavelength, K tS is the the central frequencies of the optical filters are made to 

effective core area of the optical fiber, c is the velocity of sequentially slide toward lower frequencies along 

light in a vacuum, ru is the nonlinear coefficient of the « ,he direction of propagation; and 

optical fiber, D is the dispersion value at the input end of the the mean «*o-dispersion wavelengths of the optical 

optical fiber and x is the pulse width of the optical signal. fibcrs arc madc t0 sequentially increase in the dircc- 

When only the condition (I) is to be fulfilled, the power tlon of propagation, 

of the optical signal inputted to the optical fiber should be , 2 - M °P Ucal transmission line in accordance with claim 

made equal to the peak optical power expressed by the peak 45 wherem lh 5 P ulse Wld ^ t of ,he °P Ucal S1 8 nals outputted 

power P 0 of the above formula. On the other hand, when from eacn , of tne °P" cal fi , bers ar « made smaller than the 

only the condition (II) is to be fulfilled, the amplification in P ulse widths when inputted, and the spectral widths of the 

each DDF in the direction of propagation should be made optical signals outputted from each of the optical fibers are 

constant made larger than the spectral widths when inputted, by 

FIG. 8 is a diagram for explaining a fourth embodiment 50 se,,in S lhc . d'sP^ion decrease in each optical fiber and the 

of the present invention, wherein transmission circuits are amplification ot each amplifier such as to satisfy the condi- 

formed by connecting, in the following order, a distributed tl0ns 

optical amplifying liber 7, an optical frequency shifter 6 and ( a ) the dispersion decrease in each of the optical fibers is 

an optical filter 5, and these transmission circuits are con- set t0 be 8 realer than the P ower attenuation of the 

nected in multiple stages to form a multiply amplified 55 °P tlcal Si ^ a[s propagating through the optical fiber; 

transmission system. In the example of FIG. 7, the central an ^ 

frequencies of - the optical filters 5a-Sc are down-slid with (b) the peak power P 0 of the optical signals inputted to the 

the transmission distance, and the mean zero -dispersion optical fiber is such that: 

wavelengths of the optical fibcrs la-Id arc made to scquen- 3 

tially increase with the transmission distance. In contrast, the 60 P o =0.776(\Xy^'»2)DA' 

present embodiment differs in that the frequencies are wherein is the optical signal wavelength, A eff is the 

up-shifted by using optical filters 5 with fixed central effective core area of the optical fiber, c is the velocity of 

frequencies and optical frequency shifters 6 composed of light in a vacuum, n 2 is the nonlinear coefficient of the 

acouslo-optic modulators and the like for shifting the fre- optical fiber, D is the dispersion value at the input end of the 

quencies to higher frequencies. However, they are similar in 65 optical fiber and x is the pulse width of the optical signal, 

that the waveform degradation of the optical pulses due to 3. An optical transmission line in accordance with claim 

higher order dispersion and nonlinearity is largely sup- 1, wherein the pulse widths of the optical signals outputted 
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from each of the optical fibers are made smaller than the 
pulse widths when inputted, and the spectral widths of the 
optical signals outputted from each of the optical fibers are 
made larger than the spectral widths when inputted, by 
setting the dispersion decrease in each optical fiber and the 
amplification of each amplifier such as to satisfy the condi- 
tions that: 

(a) the dispersion decrease in each of the optical fibers is 
set to be equal to the power attenuation of the optical 
signals propagating through the optical fiber; and 

(b) the peak power P 0 of the optical signals inputted to the 
optical fiber is such thai: 

Po>0 J76(k 2 A i:jSI '7i 2 cn 2 )Dfr z 

wherein >. is the optical signal wavelength, A t , ff is the 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, n 2 is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and x is the pulse width of the optical signal. 

4. An optical transmission line in accordance with claim 
1, wherein the pulse widths of the optical signals outputted 
from each of the optical fibers are made smaller than the 
pulse widths when inputted, and the spectral widths of the 
optical signals outputted from each of the optical fibers are 
made larger than the spectral widths when inputted, by 
setting the dispersion decrease in each optical fiber and the 
amplification of each amplifier such as to satisfy the condi- 
tions that: 

(a) the dispersion decrease in each of the optical fibers is 
set to be greater than the power attenuation of the 
optical signals propagating through the optical fiber; 
and 

(b) the peak power P 0 of the optical signals inputted to the 
optical fiber is such that: 

Po>0 .116(A?A^n 2 au)Dfr 2 

wherein >v is the optical signal wavelength, A eff is the 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, n 2 is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and x is the pulse width of the optical signal. 

5. An optical transmission line in accordance with claim 
1, wherein said optical fibers are optical fibers which have 
been made such that their dispersion values gradually 
decrease in the direction of propagation. 

6. An optical transmission line in accordance with claim 
1, wherein said optical fibers are formed by connecting 
together a plurality of optical fibers having different disper- 
sion values such that the dispersion values gradually 
decrease in the direction of propagation. 

7. An optical transmission line comprising: 

a plurality of transmission circuits each having, connected 
in the following order, an optical fiber with a dispersion 
value that decreases in the longitudinal direction, an 
optical amplifier, an optical frequency shifter, and an 
optical filter, wherein 

the dispersion decrease in each fiber and the amplifi- 
cation of each optical amplifier is set for each of said 
transmission circuits such as to result in a predeter- 
mined optical pulse width and a central frequency of 
the each optical filter is fixed; and 

the optical spectra of the optical signals output from 
each of said plurality of optical frequency shifters are 
shifted to frequencies higher than the optical spectra 
of the optical signals when input. 
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8. An optical transmission line comprising: 

a plurality of transmission circuits each having, connected 
in the following order, an optical fiber which is a 
distributed optical amplifier having a gain in the direc- 
tion of propagation, and an optical filter; wherein 
the central frequencies of the optical filters are made to 
sequentially slide toward lower frequencies along 
the direction of propagation; and 
the mean zero-dispersion wavelengths of the optical 
fibers are made to sequentially increase in the direc- 
tion of propagation. 

9. An optical transmission line in accordance with claim 
8, wherein the pulse widths of the optical signals outputted 
from each of the optical fibers are made smaller than the 
pulse widths when inputted, and the spectral widths of the 
optical signals outputted from each of the optical fibers are 
made larger than the spectral widths when inputted, by ' 
setting the amplification of each amplifier such as to satisfy 
the conditions that: 

(a) the amplification in each amplifier spacing is made to 
sequentially increase in the direction of propagation; 
and 

(b) the peak power P 0 of the optical signals inputted to the 
optical fiber is such that: 

P 0 -QJ76(\*A cS /x 2 cn 2 )Dfr- 

wherein >. is the optical signal wavelength, A cff is the 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, n 2 is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and x is the pulse width of the optical signal. 

10. An optical transmission line in accordance with claim 
8, wherein the pulse widths of the optical signals outputted 
from each of the optical fibers are made smaller than the 
pulse widths when inputted, and the spectral widths of the 
optical signalsoutputtcd from each of the optical fibers are 
made larger than the spectral widths when inputted, by 
setting the amplification of each amplifier such as to satisfy 
the conditions that: 

(a) the amplification in each amplifier spacing is made 
constant in the direction of propagation; and 

(b) the peak power P 0 of the optical signals inputted to the 
optical fiber is such that: 

P o >0.776CX 3 A c/ /n 2 c/) 2 )D/r 2 

wherein >. is the optical signal wavelength, A eff is the 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, n 2 is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and x is the pulse width of the optical signal. 

11. An optical transmission line in accordance with claim 
8, wherein the pulse widths of the optical signals outputted 
from each of the optical fibers are made smaller than the 
pulse widths when inputted, and the spectral widths of the 
optical signals outputted from each of the optical fibers are 
made larger than the spectral widths when inputted, by 
setting the amplification of each amplifier such as to satisfy 
the conditions that: 

(a) the amplification in each amplifier spacing is made to 
sequentially increase in the direction of propagation; 
and 

(b) the peak power P 0 of the optical signals inputted to the 
optical fiber is such that: 

Po>0.776(?^A e y;rai 2 )D/T: 2 
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wherein X is the optical signal wavelength, is the 
effective core area of the optical fiber, c is the velocity of 
light in a vacuum, a, is the nonlinear coefficient of the 
optical fiber, D is the dispersion value at the input end of the 
optical fiber and t is the pulse width of the optical signal. 5 
12. An optical transmission line comprising: 
a plurality of transmission circuits each having, connected 
in the following order, an optical fiber which is a 
distributed optical amplifier having again in the direc- 
tion of propagation, an optical frequency shifter, and an 10 
optical filter, wherein 

the dispersion decreases in each fiber and the amplifi- 
cation of each optical amplifier is set for each of said 
transmission circuits such as to result in a predeter- 



mined optical pulse width and the central frequency 

of the each optical filter is fixed; and 
the optical spectra of the optical signals output from 

each of said plurality of optical frequency shifters are 

shifted to higher frequencies than the optical spectra 

of the optical signals when input. 
13. An optical transmission system comprising: 
an optical transmitter; 

an optical transmission line in accordance with any one of 
claims 1-12 connected to said optical transmitter; and 

an optical receiver connected to said optical transmission 
line. 
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